BACKGROUND Optical coherence tomography (OCT) is capable of providing a noninvasive real-time crosssectional image of the skin through light-based interferometry, a method sometimes described as "light-based ultrasound." One key application of OCT in dermatology is the visualization of dermal collagen during chronological aging, photoaging, or photodamage. These skin conditions are typically managed by the practitioner's subjective assessment of severity and response to therapy.
O ptical coherence tomography (OCT) is an imaging modality that is altering the way clinicians visualize and evaluate the skin. OCT images the skin through the use of light-based interferometry and provides a digital image of the skin. [1] [2] [3] [4] [5] [6] OCT was first adopted clinically for measuring the eye length and then evolved into a clinical tool to evaluate a number of ophthalmic diseases. 7 Since then, OCT has expanded to a number of other medical fields, including dermatology, where it is currently used in the clinical assessment and research of skin diseases. 2, [7] [8] [9] [10] [11] [12] [13] OCT allows real-time visualization of the epidermis, superficial to mid-dermis, skin appendages, and blood vessels. 2 This real-time imaging procedure is noninvasive and holds tremendous potential to become a future standard to diagnose skin diseases, evaluate their progress, and measure the response to therapy while foregoing biopsies.
A major application of OCT in dermatology is the visualization of dermal collagen. Collagen proteins are the primary extracellular matrix proteins in the skin. 14 The location, orientation, density, and reflective properties of collagen fibrils render the dermis birefringent and allow visualization on OCT imaging. 15 Additionally, the amount and organization of skin collagen is altered during a number of normal and pathological processes that include: chronological aging, photoaging, and photodamage.
Skin aging is a complex biological process that occurs intrinsically during chronological aging or from longterm sun exposure in photoaging. 16, 17 In chronological aging, reactive oxygen species are generated throughout a person's lifetime affecting various cell functions and integrity of extracellular collagen and elastin. 18 In photoaging, ultraviolet irradiation from sunlight leads to reactive oxygen species generation and subsequent degeneration and disorganization of collagen and other dermal components. 16 These photoinduced alterations cause wrinkling, coarseness, pigment irregularities, and telangiectasia, and are associated with skin neoplasms. 19 Therefore, the use of OCT as a rapid noninvasive method to characterize and quantify photodamage is highly valuable to clinicians, and specifically dermatologists.
A number of other noninvasive imaging modalities have been used to evaluate skin. One challenge facing all noninvasive skin imaging modalities is the inherent trade-off between resolution and depth of penetration ( Figure 1 ). 5 Table 1 compares the penetration depths and resolutions of different imaging techniques used to image the skin. For instance, high-frequency ultrasound imaging has a penetration depth of approximately 15 mm and a resolution of approximately 300 mm that limits its ability to evaluate small variations in tissue properties. 21 Similarly, computed tomography and magnetic resonance imaging have excellent depth of penetration, but possess a restricted resolution of 100 mm that limits their utility in distinguishing fine variations in skin. 21, 22 In contrast, confocal laser microscopy possess high resolution that allows distinction of fine skin features, however, its shallow penetration depth of 0.2 mm limits imaging of dermal structure and collagen status. 1, 5 Therefore, OCT may provide an ideal balance by combining a penetration depth of 2 mm with a resolution of 4 to 10 mm. This allows OCT to image deeper skin structures while maintaining the resolution necessary to evaluate fine variations in skin properties. 23 Figure 1 . Trade-off between penetration depth and resolution. Computed tomography, magnetic resonance imaging, and US imaging have high penetration depths but at the expense of reduced resolutions. Conversely, confocal microscopy has high resolution at a much lower penetration depth. Optical coherence tomography can image deeper tissues than confocal microscopy while maintaining resolution exceeding those of computed tomography, magnetic resonance imaging, and high-frequency US. 
Imaging principles between OCT and US imaging are similar. However, instead of using sound waves, OCT uses light and captures the light reflectance to generate an image. OCT images are either 2-or 3-dimensional images that provide a cross-sectional image of the superficial skin resembling histologic images. 24 Therefore, OCT is sometimes referred to as "optical biopsy," as it aims to provide histologic information noninvasively. OCT imaging systems contain an interferometer illuminated by light. OCT-emitted light is split into 2 fractions, one fraction is directed to a reference mirror and the other is directed to the tissue. [23] [24] [25] [26] [27] Fractions of light reflected back from the mirror and the tissue are recombined and guided to a detector that collects the interference signal and transmits it to a computer to generate the image. 24, 25 Different types of OCT exist to provide structural, functional, and quantitative information on skin collagen content. The swept-source OCT modality can provide structural information on skin collagen that is directly related to the degree of close packing and density of collagen bundles. 5, 28 Polarization-sensitive OCT (PS-OCT) can collect 3-dimensional collagen imaging by measuring alterations in the polarization state of reflected light. 5, 28 Tissues with increased levels of collagen content, such as skin scarring and fibrosis, rapidly change the polarization state of light and have high phase retardation rates; however, tissues with decreased collagen content, such as photoaged or photodamaged skin, slowly change the polarization state of light and have low phase retardation rates. 29 Optical coherence tomography has several unique benefits that clinicians and researchers can take advantage of. Specifically, unlike traditional skin biopsies, OCT can conduct a noninvasive and time-efficient survey of multiple skin sites without causing any patient discomfort. 30 Studies demonstrate that OCT has excellent intraobserver and interobserver reliability, and that OCT imaging may facilitate standardized clinical scoring of diseases. 30 Finally, OCT requires minimal training to operate and allows clinicians to save, store, and transmit images for later reading. 30 This workflow facilitates accurate and masked data analysis in clinical trials. 30 The authors foresee OCT playing an important role in the management and research of various epidermal and dermal cutaneous diseases.
The purpose of this review is to present the available evidence on the ability of OCT to image normal, chronologically aged, and photoaged or photodamaged skin in human subjects. Herein, the authors present an overview of current data on the use of OCT imaging and clinical applications in the management and treatment of normal, chronologically aged, and photoaged and photodamaged skin.
Materials and Methods
The authors performed a review of published literature from January 1990 to December 2014 on the imaging of skin collagen using OCT ( Figure 2 ). They searched Medline, PubMed, EMBASE, Web of Science, Google Scholar, and Cochrane databases using the following search terms: "optical coherence tomography," "OCT," "skin," "collagen," "photoaging," "wrinkles," and "photodamage." The relevant articles that met the following criteria were selected for inclusion: research studies evaluating OCT imaging of collagen in normal, chronologically aged, and photoaged or photodamaged skin. Literature published in languages other than English were excluded. Articles were assigned a level of evidence (LOE) and afterward (Tables 2 and 3 ). 31 
Results
The search resulted in 312 articles ( Figure 2 ). After removing duplicates, a total of 265 unique articles were considered and screened. Of the remaining 265 articles, 23 articles investigating OCT skin collagen imaging met the inclusion criteria and were included in this review. A summary of the studies identified is presented in Table 4 .
Discussion

Optical Coherence Tomography Imaging of Normal Skin Collagen
Optical coherence tomography has been studied frequently in the imaging of normal skin collagen. 4, 34, 35 One focus of normal skin-imaging research is to optimize the depth and resolution parameters to continue to improve OCT technology and allow better resolution when imaging deeper dermal layers. 32 Studies on normal skin suggest that integrating multiple wavelengths of light may allow OCT to image into deeper layers of the dermis. Specifically, because of the inherent penetrating properties of 800-nm wavelength light, 800-nm OCT is able to provide high axial resolution in superficial skin layers, which allowes detailed visualization of skin structures located in the epidermis or superficial dermis. However, 1300-nm OCT provides an image of deeper dermal regions with a trade-off in resolution compared with 800-nm OCT. Future OCT devices that allow the user to use 800-nm and 1300-nm wavelength light simultaneously may aid researchers and clinicians in quickly evaluating the skin at optimal resolution for each layer.
In addition to image optimization, OCT has been used to study collagen profiles of different normal skin at anatomic sites. 33 One study demonstrated this principle by collecting PS-OCT images of the lower back, temples, and hands of healthy volunteers. 33 In these images, the mean phase retardation rate, a measure of collagen content, varied with anatomic location; the lower back skin had the highest values, while the temple skin had the lowest values. 33 Importantly, these measures were reproducible and supported the idea that OCT is sensitive enough to measure small basal variations in skin collagen contents. Furthermore, the reproducibility of these measures also suggests that OCT imaging can be used to track progression and the response to therapy in skin conditions characterized by the altered collagen content.
Grade of Recommendation
Grade C for OCT imaging of normal skin collagen (6 studies with LOE 4). The authors anticipate that continued research on OCT imaging of normal skin will foster a better understanding of the diagnostic and management capabilities of OCT imaging. 18 In the future, they believe that OCT may become a good alternative to skin biopsy to quantify normal skin collagen. To investigate the appearance of sun-protected and sun-damaged skin using OCT Volunteers with sun-damaged skin; (n = 20); examined at the forearm (sun-exposed site) and upper inner arm (sun-protected site)
O P T I C A L C O H E R E N C E T O M O G R A P H Y I M A G I N G D E R M A T O L O G I C S U R G E R Y
OCT images of sun-damaged skin revealed increased signal in the epidermis and rapid attenuation of light
Small sample size 2003
Gambichler and colleagues 45 4
To investigate changes in epidermal thickness following UVA1 and UVB irradiation using OCT Healthy volunteers; (n = 12); examined at the upper back OCT demonstrated UVA-and UVBexposed skin showed significant increase of the epidermal thickness by 11% and 25%, respectively. The epidermal thickness between UVAand UVB-exposed skin differed significantly 
O P T I C A L C O H E R E N C E T O M O G R A P H Y I M A G I N G D E R M A T O L O G I C S U R G E R Y
Chronologically Aged Skin
Optical coherence tomography has the ability to measure the characteristic skin changes that result from chronological aging, such as alterations in epidermal thickness and elasticity. 41, 43 For instance, one study demonstrated that OCT is capable of measuring age-correlated decreases in epidermal thickness of the forehead, pectoral, scapular, forearm, buttock, and calf. 37 A number of additional studies have confirmed that OCT is capable of detecting decreases in epidermal thickness and increases in tissue attenuation characteristic to chronological aging of skin. 36, 40, 52 One study used OCT, along with skin elasticity measurements, to evaluate age-related changes in skin elasticity and found that OCT was capable of identifying a statistically significant relationship between skin and age. 38 This study suggests that OCT may have a role alongside other instruments to assess skin elasticity.
OCT may also be helpful for monitoring the efficacy of cosmetic and medical therapies targeting chronological skin aging. 38 For instance, assessment of clinical response to ablative and nonablative laser is often subjective. A recent study demonstrated that OCT is a good modality to objectively assess the results of Er: YAG laser treatment for improvement of rhytides. 39 Specifically, OCT was used to visualize new collagen fiber formation that correlated with improved elasticity at 4 weeks after treatment. 39 Optical coherence tomography measurements of skin elasticity will allow clinicians and researchers to personalize the laser settings based on an individual's response to therapy that may lead to better patient outcomes. Skin aging is an area of active research within the author's group and they envision that OCT imaging will be useful in gaining a deeper understanding of the chronological aging process and evaluation of both old and new methods to treat and prevent chronological skin aging.
Grade of Recommendation
Grade C for OCT imaging of chronologically aging skin (8 studies with LOE 4) . The authors believe that OCT has the capabilities of identifying chronologically aging skin and is a promising tool for monitoring the response to treatment. Optical coherence tomography has the potential to personalize therapies targeting chronological skin aging based on objective imaging of individual responses at regular timeintervals.
Photoaged or Photodamaged Skin
Optical coherence tomography imaging has the ability to identify photoaging skin and monitor the skin's response to therapy. Characteristic findings on OCT imaging of photoaged skin include: epidermal atrophy, loss of papillary dermis, and dermal mottled texture (Figure 3 ). OCT imaging also demonstrates uneven epidermal surface, thickening of the stratum corneum, and a greater attenuation of light in sundamaged skin compared with sun-protected skin. 44 Several studies have demonstrated that OCT is capable of reliably identifying the features inherent to photoaged skin. 44 One such study used OCT to evaluate photoaged skin in human volunteers. 16 Researchers measured dermal collagen of the patient's cheek skin (a sun-exposed site representative of photoaging) and compared it with that of interior upper arm skin (a sun-protected site representative of chronological aging). 16 Results demonstrated that dermal birefringence differed by location and the photoaged skin had significant decrease in collagen and birefringence. 16 A second study from the same group reported on additional OCT indicators of photoaging skin in which OCT was able to reliably assess photoaging of the skin by evaluating upper dermis degeneration, skin roughness, and wrinkle formation. Furthermore, recent clinical studies demonstrate that OCT is not only capable of imaging chronic changes, but also acute changes that results from UVA1 and UVB exposure, and that these findings correlate well with histologic features. 45, 46 Further research needs to be performed to evaluate the sensitivity and specificity of epidermal attenuation, thickness, dermal degeneration, and wrinkle measures when clinically evaluating chronologically aged and photoaged skin and the response to therapy.
Optical coherence tomography may one day be a mainstay in clinical trials evaluating topical antiaging products. One clinical trial used OCT to measure wrinkle-depth improvement after application of a topical agent to treat photoaging. 51 After application of the topical study agent, "Natura Chronos Flavonóides de Passiflora 45 + FPS15," twice daily for 28 days, OCT imaging was used to measure a 10% reduction in skin roughness and a significantly reduced number of wrinkles deeper than 170 mm which corresponded well with clinical improvement. 51 This clinical study is an example of the use of OCT in assessing the efficacy of topical agents aimed at preventing or reversing UV-induced photodamage; a feat that was previously not possible without invasive methods.
Grade of Recommendation
Grade C for OCT imaging of photoaged or photodamaged skin (9 studies with LOE 4). The authors believe that OCT can provide information equivalent to or in addition to skin biopsies for assessing photoaged or photodamaged skin. In the future, they envision that OCT will be a mainstay in clinical trials, evaluating novel therapies aimed at treating or preventing skin photoaging. 
Current Limitations and Future Direction of Optical Coherence Tomography
Optical coherence tomography has some technical limitations that would further enhance the clinical use, if improved upon. The penetration depth is a significant limitation of OCT that may be improved through the concurrent use of other acousto-optic imaging systems. These combination systems may provide clinicians with a more detailed picture and better understanding of skin status, with greater penetration depth to image deeper structures of skin.
Using OCT, clinicians can obtain a timely visual assessment of skin collagen; however, current OCT systems are limited in their ability to rapidly quantify the collagen content. Replacing the current third party applications and algorithms used in collagen data analysis with built-in visual overlays and quantification tools may improve the clinical use of collagen quantification. For instance, a high-resolution OCT imaging system that combines color mapping with OCT imaging to evaluate the collagen content may provide more clinicians the ability to rapidly quantify a patient's collagen status without taking any skin biopsies. Furthermore, OCT's ability to quickly provide visual and quantitative analyses of the skin collagen content holds tremendous potential as a platform to assist in overcoming the tactile limitations of teledermatology when examining patients. 29 However, OCT technology is not without limitations. Unfortunately, the current cost and size of OCT systems are 2 major obstacles for widespread adoption.
As costs decline and technology trends toward handheld designs, the authors anticipate that the adoption will increase among both clinicians and researchers. Future innovations and cost reductions in the telecommunication sector will likely trickle down to reductions in the size and cost of OCT machines. Another limitation with OCT is that majority of studies for dermatologic applications of OCT are limited by small sample sizes. OCT technology is still early on its development and despite these limitations, the authors anticipate tremendous growth in the field of OCT skin imaging that will parallel the development US technology has experienced over the past 30 years. 29 In conclusion, OCT generates 2-or 3-dimensional skin images with sufficient depth and resolution to characterize a number of normal and pathological skin processes. Optical coherence tomography imaging provides a noninvasive and rapid method to diagnose and evaluate many dermatologic conditions while maintaining the comfort of the patient. Skin disorders with decreased collagen content, such as photoaged and photodamaged skin have been successfully imaged using OCT technology. The authors believe that OCT is well suited for monitoring chronologically aged and photoaged skin progression and the effects of dermatologic antiaging interventions. The rapid and reproducible images generated by OCT have the potential to transform dermatologic imaging and provide new insights into the physiology, pathology, management, and research of numerous cutaneous conditions. The authors foresee that OCT imaging to evaluate skin aging will not only help identify the pathological changes earlier, but will also assist in evaluating the response to therapy longitudinally without biopsy. In turn, OCT will facilitate the development and implementation of new products or methods to treat skin aging and will lead to earlier treatment of skin aging with improved patient outcomes.
